HOTAIR is a long noncoding RNA transcribed between HOXC11 and HOXC12 in mammals.
INTRODUCTION
Mammalian genomes are pervasively transcribed, giving rise to thousands of long noncoding RNAs (lncRNAs) (1, 2) . Only a handful of lncRNAs have well-characterized functions, which are attained through diverse mechanisms (chromatin regulation, alternative splicing, gene silencing, cis-regulation, trans-regulation) (3, 4) . Among these, HOTAIR is a prototypic model for lncRNAs regulating chromatin modifications. HOTAIR is an intergenic (between HOXC11 and HOXC12) lncRNA proposed to regulate HOXD cluster genes (i.e., HOXD8, HOXD9, HOXD10 and HOXD11) in trans by recruiting Polycomb Repressive Complex 2 (PRC2) (5) .
The proposed model has been questioned as PRC2 binding is promiscuous (6) and PRC2 is dispensable for HOTAIR-mediated transcriptional repression (7) . Deletion of the entire mouse Hoxc cluster (including Hotair) showed little effect on gene expression and H3K27me3 levels at Hoxd genes (8). Specific deletion of Hotair produced a phenotype of homeotic transformation, skeletal malformation, global decrease in H3K27me3 levels and upregulation of posterior HoxD genes (i.e., Hoxd10, Hoxd11 and Hoxd13) (9). These observations are now challenged as specific knockouts of Hotair locus in vivo show neither homeotic transformation nor upregulation of HoxD genes but, instead, a significant change in Hoxc (especially Hoxc11 and Hoxc12) cluster genes, which argue in favor of a DNA-dependent effect of the Hotair deletion (10). The observed different regulatory mechanisms (cis versus trans) might be due to different tissues and developmental stages from different genetic backgrounds (11) and hence there is no consensus unifying model of HOTAIR regulation (12).
Some lncRNAs have enhancer-like functions (13), although it is unclear whether lncRNAs function through lncRNA transcripts or through the underlying genomic DNA with cisregulatory functions. Genomic deletion of lncRNA also removes cis-regulatory DNA elements, thus confounding whether the observed phenotype is due to the act of transcription of a lncRNA transcript or underlying genomic DNA (14) . A systematic analysis involving transcription blockage and perturbation of the Lockd lncRNA sequence showed that it regulates Cdkn1b transcription through an enhancer element, while the lncRNA transcript is dispensable for Cdkn1b expression (15). Deletion of 12 genomic loci encoding lncRNAs revealed five loci where the deletion showed effects on the general process of transcription and enhancer-like activity but no requirement for the lncRNA products themselves (16).
Identification of accurate 5' start sites of lncRNAs revealed that a large majority of lncRNA have enhancer-like features (1) . Others like Haunt lncRNA have dual roles where Haunt DNA encodes potential enhancers to activate HoxA genes and Haunt RNA prevents aberrant HoxA expression (17).
Here, we set to address whether HOTAIR regulates HOXC cluster genes in cis (10) or HOXD cluster genes in trans (5, 9) . HOXC and HOXD clusters are duplicated from the ancestral HOXC/D cluster, by the second round of whole genome duplication (WGD), thus we asked whether HOTAIR and HOXD cluster have retained some sequence from ancestral HOXC/D cluster. We have identified a 32-nucleotide conserved noncoding element (CNE) as the HOTAIR ancestral sequence that is present across all jawed vertebrates (except teleost) and has a paralogous copy embedded within HOXD11 noncoding transcript. Paralogous CNEs underwent compensatory mutations and exhibit sequence complementarity. HOTAIR CNE represents an active or poised enhancer in different cellular context. HOTAIR expression is positively correlated with HOXC11 and negatively correlated with HOXD11, suggesting dual modality of HOTAIR CNE.
RESULTS

Identification of HOTAIR ancient sequence and its paralog in HoxD cluster
Hox clusters have multiple conserved noncoding elements (CNEs) that are highly conserved from human to fish (18,19); thus, we asked whether any region of HOTAIR (which resides on HOXC cluster) is conserved across vertebrates. We used human and zebrafish CNEs from ANCORA (19) (see Materials and Methods) and identified a 32-nucleotide long CNE that overlapped with HOTAIR intronic region (Fig. 1A) , which is eight nucleotides away from the splice site and overlaps a CpG island (CGI). Identification of the homolog of CNE in zebrafish is intriguing because HOTAIR was proposed to have a de novo origin in marsupials (20) and a homolog(s) of HOTAIR RNA have not been reported in zebrafish (21-23). Thus, we mapped the orthogonal position of the CNE in zebrafish and identified its location between hoxd11a and hoxd12a (Fig. 1B) , but not in the expected hoxc clusters (Fig. 1A ). Fig. S1A -B), we investigated whether the CNE is located in the HoxC (the capitalization "HoxC" is used to represent the HoxC cluster across multiple species) or HoxD cluster. We systematically mapped the CNE sequences across 37 organisms (34 vertebrates and 3 invertebrates) (Supplementary Table   S1 ) and identified a homologous CNE in HoxD and HoxC clusters common to all jawed vertebrates except in teleosts and birds, but absent in lamprey (jawless vertebrate) and invertebrates (Fig. 1C) . The homologous CNEs mapped between HoxD11 and HoxD12 in HoxD cluster and between HoxC11 and HoxC12 in HoxC cluster (Fig. 1C) . The absence of HoxC CNE in birds is likely due to unassembled HoxC cluster (Supplementary Table S2 ). In contrast, teleosts have well-annotated HoxC11 and HoxC12 genes in the same cluster (Supplementary Table S2 ) but underwent an additional round of teleost-specific whole genome duplication (WGD) that might have resulted in lineage-specific loss. Thus, we conclude that all jawed vertebrates except teleosts have a homolog(s) of HOTAIR CNE in the HoxC and HoxD clusters. Two rounds of WGD at the root of vertebrates have resulted in four Hox clusters (24), where the second round of WGD resulted HoxC and HoxD clusters from the ancestral HoxC/D cluster (25). Two copies of the CNE in the basal group of jawed vertebrates, such as elephant shark (cartilaginous fish) and spotted gar (basal ray-finned fish; sister group of teleosts) (Fig.   1C ), suggest that the CNE was already present in the ancestral HoxC/D cluster. Therefore, it is likely that the ancestral CNE might have had a de novo origin in jawed vertebrates after the first WGD (Fig. 1D) . However, it is also possible that the CNE was present before the first WGD and then disappeared from ancestral HoxA/B cluster. To understand how CNE flanking 6 sequences evolved after WGD, we aligned flanking sequences within species and observed limited homology (for example, in human and elephant shark; Supplementary Fig. S2A) suggesting only CNEs were under selection. Then we separately aligned HoxC and HoxD CNE flanking sequences and observed independent conservation along each cluster ( Supplementary Fig. S2B ) and, in turn, identified a relatively long stretch of about 175 nucleotides of HOTAIR sequence that is conserved across vertebrates (except teleosts).
As this CNE is conserved across all vertebrates (Supplementary
Paralogous HoxD CNE is transcribed from HoxD11 noncoding transcript and exhibit sequence complementarity with HOTAIR CNE Some CNEs are transcribed from noncoding transcripts (26); thus, we asked if human HOXD CNE is transcribed from coding/noncoding transcript. We intersected the genomic coordinates of the CNE with Ensembl genes and observed HOXD CNE is transcribed from an alternative noncoding isoform of HOXD11 (referred to as HOXD11 noncoding transcript) ( Fig.   2A ), which is a reported target gene that is silenced by HOTAIR in both human (5) and mouse (9). As both CNEs are embedded within their respective transcripts, we asked whether these CNEs exhibit sequence complementarity, similar to a miRNA seed and target sites. We aligned paralogous CNEs in the orientation of their respective transcripts and observed sequence complementarity ( Fig. 2A) , suggesting paralogous CNEs might hybridize.
To confirm whether the observed sequence complementarity in human is conserved in other vertebrates, we analyzed Ensembl-annotated genes and RNA-seq transcripts (22,27) across a subset of species and identified the HOTAIR and HoxD11 noncoding transcripts in mouse, ferrets, dog and coelacanth ( Supplementary Fig. S3A-B) . The HoxD11 noncoding transcript was detected in chicken but undetected in teleosts (zebrafish and tetraodon; Supplementary   Fig. S3A-B) . For other species, we inferred the putative orientation of the missing transcript (see Materials and Methods), as illustrated for chimp and painted turtle ( Supplementary Fig.   S3C -D). We aligned CNEs in the 5' -> 3' orientation and observed two interesting patterns.
First, the sequence complementarity observed in human is conserved across vertebrates (Fig. 2B ). This suggests that sequence complementarity between paralogous CNEs is an ancient feature that has been under selection pressure for more than 300 million years. This raises an important question as to whether the key function of these transcripts is to provide transcription of the CNE. Second, both CNEs underwent substitutions at specific positions that evolved in two separate waves in vertebrates and mammals (Fig. 2B) . One of the substitutions resulted in gain of complementarity in mammals and the other substitution resulted in loss of complementarity in mammals (Fig. 2B) . Collectively, the co-evolution of CNEs and retention of sequence complementarity in the transcribed orientation suggest that paralogous CNEs might interact and be co-regulated. Table S3; see Materials and Methods) from Roadmap Epigenome (30) and classified them as HOTAIR-expressed (N=10) and HOTAIR-unexpressed (N=19) groups based on RNA-seq expression levels ( Supplementary   Fig. S4A ). Among HOTAIR-unexpressed cells, H1-hESC cell line is unique as the CNE is enriched for both repressive (H3K27me3) and open chromatin (as indicated by DNase hypersensitive sites (DHSs)) marks ( Supplementary Fig. S4B ), suggesting it to be in the poised state. We observed enriched DHS signals around the CNE in HOTAIR-expressed cells and HOTAIR-unexpressed stem cells, but not in HOTAIR-unexpressed differentiated cells (Fig. 3A) . The paralogous HOXD CNE also has a similar chromatin state in corresponding cell lines (Supplementary Fig. S4C A subset of embryonic stem cell-specific enhancers are poised, characterized by presence of both activating and repressing marks (34); thus, we asked whether CNE reflects a poised enhancer in HOTAIR-unexpressed stem cells. We observed that H3K4me1, H3K27me3 and p300 signals are enriched at the CNE (Fig. 3B ) in human H9-hESC (34) and mouse iPSC (33), supporting that HOTAIR CNE is a poised enhancer. However, the HOXD CNE lacks p300 and bimodal H3K27me3 peaks (Supplementary Fig. S4E ). Poised enhancers have bimodal H3K27me3-modified nucleosomes (34), which is observed in HOTAIR CNE (H1-hESC and H9-hESC) ( Fig. 3B; Supplementary Fig. S4F ) but not in HOXD CNE.
We next analyzed all ENCODE transcription factors (TFs) (35) and observed CTBP2, YY1, SP1 and CHD1 are specifically enriched on the CNE exclusively in H1-hESC ( Fig. 3C; Supplementary Table S4 ). YY1 has a known dual function in repressing or activating transcription depending upon the cofactors it recruits (36). The binding of YY1 on regulatory elements and their associated RNA species has been shown to play a role at enhancers (37).
PRC2 components (SUZ12 and EZH2) are marked throughout the locus ( Fig. S5A ). The expression of HOTAIR promoter and CNE are positively correlated (Fig. 4C) , which also holds true for two other alternative promoters except for the distal promoter (labelled as dp1) ( Supplementary   Fig. S5B ). Negative correlation of distal promoter is mostly due to large number of samples where only distal promoter is expressed (Fig. 4B) . The genomic region between bidirectional CAGE tags around the CNE is about the length of one nucleosome (Fig. 4D ) and is conserved across vertebrates ( Supplementary Fig. S2B ). DHS, H3K4me1 and H3K27ac peaks are also enriched around the CNE (Fig. 4A ) in myoblast and myotube (30), thus providing additional evidence as an active enhancer. The CNE is flanked by bimodal H3K4me1 peaks, a characteristic feature of active enhancers (Fig. 4E ). Due to lack of appropriate cell lines (embryonic hindlimbs, genital tubercle and piece of trunk corresponding to the sacro-caudal region) where Hotair is expressed (8-10), we did not detect CAGE tags in either Hotair CNE or promoter across mouse FANTOM5 samples ( Supplementary Fig. S5C ).
However, we observed that H3K4me1 and H3K27ac are enriched in mouse embryonic (E10.5 days) hindlimbs (42) ( Fig. 4F; Supplementary Fig. S5D ). Thus, we have shown that HOTAIR CNE possesses characteristic features of an active enhancer in HOTAIR-expressed cells, in both human and mouse. Importantly, transcription of the HOTAIR promoter is tightly linked to enhancer activity of the CNE, suggesting transcription of the CNE is a key function of the HOTAIR transcript. This notion is further supported by the evolution of CNE paralogs that reveal transcribed paralogous CNEs have retained sequence complementarity and thus have been actively selected during evolution ( Fig. 2; Supplementary Fig. S3C-D) . This observation suggests that transcription directly on the CNE might be a key contributor to the selection acting on the CNE. 
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DISCUSSION
We have identified and characterized the HOTAIR CNE as the ancestral sequence, which also has a paralogous coy in the HoxD cluster across vertebrates. Lack of the CNE in teleosts HoxC cluster is unexplained given it is conserved in other fish (spotted gar and elephant shark) and is likely one of the consequences of teleosts lineage whole genome duplication.
Conservation of HOTAIR CNE and flanking sequences even in early fish (elephant shark, spotted gar) and tetrapod (coelacanth) ( Supplementary Fig. S2B ) does suggest an ancestral form of HOTAIR across all vertebrates, but needs additional RNA-seq transcript evidence which is currently limited to only few species due to limited data. Importantly, the length of the HOTAIR CNE flanking sequences that is conserved across vertebrates ( Supplementary Fig.   S2B ) roughly represents region of DHS peak and bidirectional CAGE tags. Many of the tested CNEs act as enhancers in reporter construct (29). In fact, the homologous Hoxd CNE drives expression in a proximal posterior part of developing forelimbs (44) but does not work in its own context in zebrafish, as it requires the mouse promoter. However, deletion of Hoxd CNE in vivo revealed no phenotype (45), and it was speculated that the difference might be due to other phenotypes that were not detected or has a redundant copy of the sequence that have masked the effect. We have now identified a paralog of the Hoxd CNE in Hotair (Fig. 1 ). This raises an interesting question whether paralogous CNEs have redundant functions, such that deletion of one CNE might be compensated by the other CNE.
Putting this into the context of deletion of Hotair locus (including CNE) in vivo (9,10), it remains unknown whether the effects of Hotair CNE deletion is compensated for, to a certain extent, by paralogous Hoxd CNE. Duplicated CNEs have retained only a single copy (28); thus, retention of both copies of duplicated CNE is rare and provides an interesting model to test redundancy/sub-functionalization of CNEs.
Mechanistically, HOTAIR was proposed to regulate HOXD cluster genes by recruiting PRC2 (5), but this model has now been questioned since PRC2 is dispensable from HOTAIRmediated transcriptional repression (7). Our observation of sequence complementarity between HOTAIR CNE and HOXD CNE ( 
MATERIALS AND METHODS
Genome assemblies and gene annotations
Analyses on human and mouse were done in hg19 and mm9 genome version respectively.
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The genome assemblies of 37 species are listed in Supplementary Table S1 . Gene models were downloaded from UCSC (46). The conserved noncoding elements (CNEs) were downloaded from ANCORA (19).
Roadmap Epigenome, ENCODE, mouse ENCODE and FANTOM5 data sets
Roadmap Epigenome data were downloaded from NIH Roadmap Epigenome browser (30).
Annotated chromatin states were downloaded from 127 cell lines. Histone modifications (H3K4me1/3, H3K27ac/me3) and DNase I hypersensitive sites (DHSs) data were downloaded as mapped (tagAlign format) files. RNA-seq data for 57 cell lines were downloaded in the computed gene expression (RPKM) matrix (30). Only 29 cell lines that have all four (H3K4me1/3, H3K27ac/me3) histone modifications, DHS and RNA-seq were used for downstream analysis.
Histone modification and RNA-seq data from ENCODE were downloaded as mapped BAM files. ENCODE transcription factor ChIP-seq were downloaded as annotated peaks (35).
Histone modifications (H3K4me1/3, H3K27ac/me3), DHS and RNA-seq data from mouse ENCODE were downloaded as mapped BAM files (32). Samples with replicates were merged into a single file. A threshold of 0.5 RPKM (reads per kilobase per million) was used as the cutoff expression to determine whether HOTAIR is expressed or not in the given RNA-seq samples.
Human and mouse CAGE-seq data were downloaded from FANTOM5 (41,47). Replicates were pooled into single file and resulting CAGE tags in each sample were quantified as tags per million (TPM) (21). CAGE tags with the highest expression level defined dominant transcription start site (TSS). CAGE based expression level was computed by summing all CAGE tags in defined the promoter region (300 bases upstream and downstream of TSS). To compare the expression correlation across four HOX clusters genes, we selected only 694 cell types only if any of HOX genes was expressed at the minimum of 5 TPM.
Data sets used from multiple studies
RNA-seq transcripts for multiple species were used from previous studies(21,22,27). Raw data during reprogramming of mouse embryonic fibroblast to iPSC were download from GEO (GSE90894) (33). Raw data for H3K27me3, H3K4me1, H3K27ac and p300 from H9-hESC cell lines were download from GEO (GSE24447) (34). Mouse embryonic (10.5 days) hind limb data were downloaded from GEO (GSE84793) (42). Raw fastq reads were mapped using bowtie2 (48). Only unique mapping reads were considered for downstream analysis.
Breast cancer patients mRNA (Illumina Human v3 microarray) data (43) were downloaded from TCGA portal. Expression levels are measured in z-scores. We filtered samples where HOTAIR expression (<= 0.5) and were left with 605 patients.
Mapping of HOTAIR CNE across multiple species
The HOTAIR CNE sequences from both human and zebrafish was used as a query sequence. We used BLAST (blastall -p blastn -d -e 0.01 -m 8)(49) to find homologous sequences against 37 species (Supplementary Table S1 ). Even at the permissive e-value cutoff of 0.01, only two homologous sequences were identified.
Determining the orientation of transcripts overlapping CNEs
The HOTAIR transcript is annotated in multiple species (22,46), such as human, chimp, mouse, ferret and dog, and its orientation is antisense to HoxC11 and HoxC12 genes.
Species lacking HOTAIR annotation, orientation of HOTAIR CNE was assigned antisense to annotated HoxC cluster genes. In multiple species, such as human, chimp, mouse, ferret, dog and chicken, HoxD CNE is embedded within the untranslated region of HoxD11 noncoding transcript, which is an alternative splice variant of HoxD11 coding gene. Thus, orientation of HoxD CNE was assigned similar to that of annotated HoxD11 gene. Among teleosts fish, we analyzed RNA-seq transcripts in zebrafish(21,22) and tetraodon (27), and did not identify HoxD11 noncoding transcript.
Software and tools
Multiple alignments were generated using ClustalW (50) and Jalview (51). Sequence logos were generated using WebLogo (52). Visualization of multiple data were done by uploading bigwig tracks on UCSC genome browser and images were downloaded. Bedtools (53), bash, perl and R scripts were used for data analysis. 
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